An interface formed by two immiscible liquids is a specific area where chemical composition and physical properties steeply change on the nano-meter scale.
These mechanisms can be classified into two main groups: one explanation is that the oscillation includes the rapid adsorption of molecules or ions followed by gradual desorption, [29] [30] [31] [32] and the other is the opposite. [6] [7] [8] 10, 12, 17 In addition, Maeda et al. 13, 14 gave a novel explanation focusing on the generation and reduction of the maximum wave in the ion transfer polarograms. The maximum wave is also caused by the interfacial instability due to the adsorption of the ion at the interface.
In all cases, the chemical oscillation at the liquid/liquid interface is closely related to the adsorption and desorption of the surfactant ions. Therefore it is important to know the kinetics of the ion adsorption and desorption. Interfacial tension change with the density of the surfactant ions adsorbed at the interface, that is to say, the larger the density is, the smaller the interfacial tension. And hence, we have developed an instrument for the simultaneous measurement of the interfacial electrical potential and the interfacial tension.
For about ten years, we have developed a time-resolved Quasi Elastic Laser Scattering (QELS) method to measure a time course of interfacial tension with adsorption or desorption of surfactant molecules at the interface. 33 The interfacial tension can be calculated from the frequency of the light scattered by a thermally generated capillary wave at the interface. The most popular form of interfacial tensiometry for investigating the chemical oscillation is a Wilhelmy plate method. 5, 8, 10, 11, 20, 22, [29] [30] [31] [32] One can measure the interfacial tension by directly measuring the force acting on a small glass or platinum plate in contact with the interface. However, such a contact probe physically disturbs the interface and might change the dynamic behavior of molecules at the interface. In fact, there have been some reports claiming that the hydrophilicity of the inner wall of the experimental cell influenced not only the oscillation pattern, but also whether it appears or not. According to the report by Shioi et al., 20 the oscillatory interfacial tension derived from the Wilhelmy plate tensiometry does not reflect the oscillatory reaction at the interface, but rather the movement of the interface.
Furthermore, the oscillatory phenomena were generally considered to include two-dimensionally inhomogeneous reactions and diffusion kinetics. Therefore, such a contact type surface tensiometry is not appropriate for studying the chemical oscillation. From the same reason, a dynamic drop volume method, which is quite useful for the analysis of ordinary adsorption dynamics at the interface, is not appropriate for the analysis of the chemical oscillation, either. Thus, since the QELS method allows noncontact and nonperturbative measurements of the dynamic interfacial tension, we employed it for studying the chemical oscillation system.
A well-known nonlinear chemical reaction is the BelousovZhabotinsky reaction, which consists of a periodic redox reaction in a bulk solution and has been understood by the autocatalytic chemical reaction scheme. On the other hand, the chemical oscillation at the interface is not understood simply by a chemical reaction scheme at the interface; the chemical reaction such as adsorption or desorption of molecules occurred at the interface, and mass-transfer occurred both in the bulk phase and in the interface. It is noteworthy that most chemical oscillations at a liquid/liquid interface were accompanied by a movement of liquid at the interface or in the bulk. However, the movement was simply explained as a kind of instability of interface and was not discussed in detail. As far as we know, precise discussions on the hydrodynamic effect have been limited to some reports. 16, 20, [29] [30] [31] [32] Since the movement of liquid can cause a flow of liquid near the interface and can substantially change the mass transfer, it is important to understand how the instability at the interface was generated and how the movement of the interface occurred. Therefore, we also focused on the movement of the interface in the chemical oscillation system as well as the adsorption and desorption of the surfactant ions; we analyzed the dynamic behavior of the liquid under the chemical oscillation with the aid of the video images taken by a CCD camera.
In the present paper, we first introduce newly found chemical oscillations at sodium alkyl sulfates and we describe the mechanism of them from the viewpoint of hydrodynamic effects on the chemical reaction and mass transfer. And next, we also discuss the chemical reaction with ion exchange at the interface. Figure 1 is a schematic diagram of the experimental setup for the QELS and an interfacial electrical potential measurement. A brief outline of the principle of the QELS method follows. An incident laser beam normal to the liquid/liquid interface was scattered quasi-elastically with a Doppler shift by a capillary wave, which was generated due to thermal fluctuations. The scattered beam was optically mixed with a local beam produced by a slit to obtain an optical beat in the mixed light. The obtained beat frequency corresponds to the capillary wave frequency, which is approximately expressed by Lamb's equation based on the theory of hydrodynamics,
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where γ is the interfacial tension at the water/oil interface, ρw is the density of the water phase, ρo is the density of the oil phase, and k is the wave number of the capillary wave. The first experiment of QELS method was demonstrated by Kathyl and Ingard in 1967. 35 Since then, with the improvement of instruments and measurement techniques, this method has been used to study the properties of surfaces of liquid 36 or liquid crystal, 37 monolayer, 38, 39 and liquid/liquid interface. 40 Most experiments were executed at an equilibrium state, while we have succeeded in observing the dynamic behavior of molecules at a liquid/liquid interface. As reported in our previous papers, some novel dynamic behavior of molecules or micelles have been found: for instance, phase transfer catalysis systems across a nitrobenzene/water interface, 41 anomalous interfacial tension change by AOT micro-emulsion collapses at a heptane/water interface, 42 and enzymatic reaction of phospholipid membranes at a tetradecane/water interface, 43 .
A liquid/liquid interface was formed by gently pouring 10 ml of an aqueous solution of 0.1 M LiCl onto 10 ml of a nitrobenzene solution of 0.1 M tetra-n-butylammoniumtetraphenylborate (TBATPB) in a cylindrical glass cell with an inner diameter of 36 mm (quartz cell 1) with an optical flat bottom. These electrolytes, LiCl and TBATPB, were used as supporting electrolytes to measure the electrical potential (E) of the water phase against the NB phase. The electrical potential was measured with a potentiometer using Ag/AgCl electrodes (RE1 and RE2) equipped with salt bridges containing an 80%-saturated aqueous solution of KCl and an aqueous solution of 0.01 M tetra-n-butylammonium-chloride (TBACl), respectively. A 10 mM sodium-alkyl-sulfate aqueous solution, which also contained 0.1 M LiCl as in the aqueous phase, was injected through a glass capillary with an inner diameter of 0.3 mm into the aqueous phase at a constant rate with a syringe pump (LMS Model 210). A small quartz cell (quartz cell 2) was used in order to prevent the transmitted light scattered at the liquid/air interface from entering the photodiode. Only an optical beat signal is selected by an aperture in front of an avalanche photodiode (Hamamatsu Photonics, C5331-11). In the present study, the diffracted light of the sixth order was selected. The angle between the transmitted light and diffracted light was calculated numerically from the equation of the Fraunhofer diffraction; the wavelength of the capillary wave observed was found to be 35 µm. Signals from the photodiode pass through an isolation amplifier and a high-pass filter and are FFT-analyzed by a real-time spectrum analyzer (Sony Tektronix, Model 3056). The interfacial tension and interfacial potential have been simultaneously measured while the surfactant solution has been injected into the aqueous phase.
We used a CCD camera (ELMO, MN43H) for monitoring the movement of the liquid/liquid interface or bulk liquid; the movement was investigated by analyzing the movement of a small amount of carbon powder scattered on the interface. The water used for preparing the aqueous solution was purified by a Millipore Milli-Q System. The materials used were prepared as shown in Ref. 29 . Figure 3 shows typical oscillation behavior of interfacial tension and electrical potential. 25 In this experiment, the tip of the capillary was located 8 mm above the liquid/liquid interface, and the injection rate of the sodium dodecyl sulfate (SDS) aqueous solution was 3 µl/min. Open circles and solid lines show the interfacial tension (γ) and electrical potential (E), respectively. In the graph, time zero means the time at which the SDS solution injection was started. For about 2 min (induction period) after injection of the SDS solution into the water phase, no notable changes in γ and E were observed. There was a slow convection as a result of the injection of the SDS. In addition, convection was also caused by the difference in the density of the SDS solution, which is slightly heavier than the bulk phase. Therefore, the induction period is considered to be determined mainly by the time for the DS -ions to reach the interface. After the induction period, an abrupt decrease of γ and an increase of E appeared simultaneously. Furthermore, just after the oscillation, γ and E gradually increased and decreased, respectively. These two processes periodically occurred every 3 to 4 min, and the amplitude gradually reduced. In that figure, although the time course of γ and E is shown only for the periods of 1600 s (corresponding to the 80 µl injection of SDS solution), oscillation processes indeed continued until the injection of SDS solution was stopped (1000 µl injection).
Results and Discussion

3·1 Chemical oscillation
As the decrease of γ should correspond to adsorption of surface-active molecules, the abrupt decrease of the interfacial tension in this experiment could be explained by a rapid adsorption of DS -ions at the liquid/liquid interface. In addition, a rapid increase of E could be explained by the formation of an interfacial electrical double layer by DS -ions and their counterions at the interface.
3·2 Marangoni convection
Hereafter, we use the following abbreviation, SCnS, for each sodium alkyl sulfate, CnH2n+1SO4Na (n = 6, 8, 10, 12, and 14), respectively. When we performed experiments similar to the above with SCnS, we could also observe oscillation phenomenon in each material. Although they were quantitatively different from each other, these results indicate that an oscillatory phenomenon is not a specific feature of some few materials.
The abrupt adsorption at the oscillation was always accompanied by a small waving motion of the liquid/liquid interface. At the same time, we could also see a tangential flow along the interface from the area below the outlet of the capillary to the wall of quartz cell. Since the tangential flow speed was much larger than that of the convection due to the injection of surfactant solution, this phenomenon is specific to the oscillation. The capillary tip was very small in relationship to the inner diameter of the cell, and the concentration of SCnS near the interface below the capillary was larger than that near the wall of the cell. As a result, the flow can be logically attributed to the Marangoni convection. This is likely to have been brought about by the generation of heterogeneity of interfacial tension due to locally adsorbed surfactant ions at the interface below the capillary, where the interfacial tension should be smaller than in the surrounding area. In most reports concerning the oscillatory phenomena at the liquid/liquid interfaces, chemical reactions at the interfaces were mainly discussed. Of course, the chemical reactions at the interface, including the adsorption or desorption processes, are very important elements in the oscillation, but our idea indicates that the complex reaction scheme is not always necessary for the oscillations. Figure 4 shows the time course of the interfacial potential for SC6S (in Fig. 4 (a) ), and photos of the interface, (in Fig. 4 (b) -(i) to (v)). 26 The color tone of these photos was modified to make the image clear. In the graph, time zero means the time at which the first abrupt increase of the potential occurred. The value of ∆E when the experiment started was set to zero, and the time at which the abrupt increase of the potential started was set to zero. The points corresponding to each photo, Fig. 4 (b) -(i) to (b)-(v), are indicated in Fig. 4 (a) . Figure 4 (b) -(i) is a photo of the start of an oscillation (0 s). Soon after that, a transparent region appeared at the liquid/liquid interface (Fig. 4  (b) -(ii), 0.3 s). Within 1 s, the region expanded fast, (Fig. 4 (b) -(iii), 0.8 s), and its size almost reached the maximum. After the oscillation, it gradually shrank, as shown in the photo (Fig. 4  (b)-(iv), 22 s) , which was taken just before the second oscillation. As shown in Fig. 4 (b)-(v) (23 s) , which was taken at the second oscillation, the transparent region expanded again. Comparing the time course of the interfacial potential with these photos, one could conclude that the surfactant ions adsorbed at the transparent region. From these results, the abrupt adsorption of surfactant ions at the interface could result from the adsorption of hexyl-sulfate ions that transferred with the flow along the interface. This flow is the Marangoni convection, and the apparent adsorption rate would reflect the magnitude of the convection.
From these results, we can propose the mechanism of the oscillation phenomena using Fig. 5 . The origin of the abrupt adsorption of ions is almost the same for all materials. The capillary tip is very small in relationship to the inner diameter of the cell, and the concentration of surfactant ions near the interface below the capillary is larger than that near the wall of the cell. As a result, surfactant ions adsorb at the interface below the capillary more than the surrounding area (Fig. 5, (a) ). Consequently, the Marangoni convection along the interface from the area below the capillary to the wall of the cell is brought about by the generation of the heterogeneity of interfacial tension. The convection can transfer the ions from the region below the capillary outlet toward the interface, which results in an abrupt adsorption of the surfactant ions at the interface (Fig. 5, (b) ). The convection is suppressed soon due to the viscosity of liquid and reduction of heterogeneity of the interfacial tension, and the adsorption process enforced by the convection is damped. The concentration of surfactant ions in the bulk phase is small, except below the capillary; surfactant ions adsorbed at the interface are likely to desorb into the bulk (Fig. 5 (c) ). Hence, desorption processes becomes dominant. However, some time later, the following oscillation can occur due to the ions being transferred by continuous injection. In Fig. 5 , we mainly focus on the generation and reduction of the convection with the adsorption and desorption of ions, respectively, and do not pay much attention to the form of the ions which dissolve into the bulk phase from the interface. Precisely speaking, we must note that, although the surfactant ions dissolve into the aqueous phase as dissociated anions shown in Fig. 5 , they dissolve into the nitrobenzene phase along with counter ions such as sodium ions. When nitrobenzene phase includes hydrophilic ions, dodecyl sulfate ions can dissolve as anions by the ion exchange process. Such examples will be discussed in the following section. In either case, as the form of ion is not directly related to the mechanism above, the counter ions are not shown in Fig. 5 . The most important feature of the oscillation is that the convection can periodically grow and reduce.
We found that when a surfactant with larger surface activity (in this case, with larger carbon number, n) was used or when the surfactant solution was injected at a larger rate, the convection became large and explicit oscillatory patterns tended to disappear after abrupt adsorption. These results can be explained by postulating that the convection is large due to a large heterogeneity of interfacial tension and that adsorption of the convection continued and overcame the desorption process.
The detailed results were discussed in our previous paper. 25, 26 On the other hand, when a surfactant solution with low concentration, 2 mM SDS solution, was induced at a low rate with 2 µl/min, we could not observe abrupt adsorption at all; in such cases the interfacial tension and potential changed gradually to the equilibrium state. This is because the heterogeneity of interfacial tension is not enough to generate a large convection.
3·3 Ion exchange reaction
In the sections above, we paid attention mainly to the abrupt ion adsorption process. In this section, we discuss the change of desorption process in the presence of hydrophilic ions in the oil phase that had the same electronic charge as the surfactant molecules. 24 If these ions are present near the interfacial region, we could expect that an ion exchange between them and the charged surfactant molecules would occur and would accelerate the desorption of the surfactant molecules. Then we measured the chemical oscillation in the presence of a small amount of tetra-n-butylammonium halogenide (TBA + X -) that dissociates to the water-insoluble cation TBA + and hydrophilic anion X -in the oil phase. The concentration of these materials, TBA + X -, was 1.0 × 10 -4 M. TBA + was already present as a supporting electrolyte at 0.1 M, thus we could discuss the effect of the presence of the anions X -on the desorption process. The results are shown in Fig. 6 (a) . The relaxation time was drastically accelerated by the presence of hydrophilic X -in the oil phase. As for all the experiments in the former sections, surfactant solutions were continuously injected for a few hours. On the other hand, in the experiments discussed here, we stopped the injection of the SDS solution soon after the abrupt adsorption of ions occurred, and hence, we did not see a periodic change of interfacial tension.
Since the ion exchange should occur at the oil/water interface, we expected that the more the standard free energy of transfer of the anions from the interface to the water phase would decrease, the more efficiently the ion exchange that would occur between the hydrophilic anions and DS -ions, resulting in the acceleration of the desorption of the DS -ions from the interface. When the ion exchange occurs at the interface, the decrease of the standard free energy of the anions is the change of free energy of transfer from the interface to the water phase (∆Gi-w). However, although water and nitrobenzene are immiscible, the interface between them should have some thickness where the water molecules and nitrobenzene molecules are mingled at the molecular level. Thus, we roughly estimated the average of the free energy of the anion at the interface (Gi) as the mean value of the free energy of the anion in the water phase (Gw) and that in the oil phase (Go), namely Gi = (Gw + Go)/2. Then ∆Gi-w value was Gw -Gi = (Gw-Go)/2 = ∆Go-w/2, where ∆Go-w is the standard free energy of transfer from the oil phase to the water phase. This is a valid assumption for surface inactive ions such as halogenide ions. The ∆Gi-w (= ∆Go-w/2) values of Cl -, Br -, and I -at the W/NB interface were -15.3, -14.3, and -9.4 kJ/mol, respectively, as calculated from ∆Go-w values obtained by electrochemical measurements. 44 The desorption rate of each case was determined by 1/∆t, where ∆t is the period for the interfacial tension to become the initial value again after the oscillation. ∆t values of each ion (Cl -, Br -, and I -) were 110 s, 150 s, and 1000 s, respectively. Figure 6 (b) shows the dependence of the desorption rate of the DS -ions on ∆Gi-w of Cl -, Br -, and I -from nitrobenzene to water. We can consider that the desorption rate is proportional to the exponential of -∆Gi-w/RT (R: gas constant, T: temperature). We plotted the dependence of the log value of the desorption rate (ln(1/∆t)) on the standard free energy of transfer from the interface to the water phase (∆Gi-w). A solid straight line with the slope -1/RT (R: 8.314 J K -1 mol -1 , T: 298 K) was obtained by the least square fitting method. The line fit the experimental results quite well. This result strongly supported the ion exchange model. Thus we could consider that the ∆Gi-w value of the coexisting ions in the oil phase strongly affected the desorption rate, namely the relaxation process in the chemical oscillation induced by the adsorption of charged surfactants. Now let us return to Fig. 6 (a) . The adsorption process was almost same for all the conditions. However, only the desorption processes were quite different from each other. The effects of the chemical reaction may explicitly appear due to the decay of the hydrodynamic effect during the desorption process.
Conclusion
We successfully observed the oscillations of interfacial tension and electrical potential during the adsorption and desorption processes of surface-active ions at the water/nitrobenzene interface using anionic surfactants, sodium-alkyl-sulfates. The oscillation pattern consisted of a repetition of abrupt adsorption and gradual desorption. Furthermore, we monitored the movement of the interface by taking photo-images with a CCD camera, and analyzed the relationship between the interfacial flow and the ion adsorption kinetics. Consequently, we could propose the mechanism of our chemical oscillation system, that is to say, the abrupt adsorption resulted from the generation of the Marangoni convection and the gradual desorption after the adsorption process was appeared after decay of the convection. periodically seems to be an unsettled question. On the other hand, in our system, the instability was caused regularly because the surfactant ions were transferred toward the same point at the interface at a constant injection rate. This fact leads to the well-ordered oscillation structure.
We also found the wave motion at the interface travels faster than the convective mass transfer. This is an interesting result because such a phenomenon can be a sign of a nonlinear phenomenon. For example, seismologists can predict an eruption of a volcano through the observation of a shaking of the earth's surface, an earthquake. Therefore, the result above indicated that, even in a liquid/liquid interface in a small glass cell, we could detect the sign of the nonlinear phenomenon, an abrupt adsorption of ions. The relationship between mass flow and wave motion at the liquid interface was investigated by dual-beam QELS method, which allows us to measure simultaneously the interfacial tension at two different points within an interface. The detailed results will be published elsewhere.
Kovalchuk and co-workers reported [29] [30] [31] [32] the surface tension oscillation at the water/air interface. According to their experiments, an oscillation of the surface tension was observed in a variety of surfactants. Although the examined interface and materials in their experiments were different from those of ours, it is interesting that the observed phenomena were similar to our results and that the proposed mechanism was also discussed by the generation of Marangoni convection. Their results and our results imply that the oscillation phenomenon is not a specific feature of a few materials. If we compare the phenomena at the liquid/liquid interface to those at the liquid/air interface, we find that the former are much more complicated than the latter because ions or molecules from another side could exchange or react with each other at the liquid/liquid interface. Although, as an example, we could show the role of ion exchange reaction at the chemical oscillation, there is, of course, room for further investigation about the reaction rate or mass transfer processes during the oscillations.
